Abstract. The dynamic and earthquake behaviour of structural systems representing PostByzantine Christian churches located in
INTRODUCTION
The objective of this paper is to study the dynamic and earthquake behavior of Christian churches of the Basilica typology in the island of Kefalonia, Greece (figure 1). The recent devastating earthquake activity in the island during the period from 26 th of January till the 3 rd of February 2014 caused extensive damage to the masonry walls of many of these structures. The worst hit region lies at the West part of the island of Kefalonia with the peninsula of Paliki claiming the biggest share of damaged churches. This region is marked in figure 1 with the dotted circle. The most damaging seismic event for this region was the ground motion during the major aftershock of this earthquake sequence that occurred during the 3 rd of February, 2014 [1, 2, 3, 4] . This is depicted in figures 2 and 3. Figure 2 shows the location of the epicenters of the aftershocks of the earthquake sequence of January-February 2015 for the island of Kefalonia, including the epicenter of the strongest aftershock of 3 rd February, 2015 [2] . Figure 3 marks the location of some of the various churches in the Paliki peninsula that were shaken by this strongest aftershock, leading to considerable damage and to certain cases to spectacular partial collapse (figures 4 and 5). The main event of this earthquake sequence occurred on the Sunday, 26 th of January 2015, 13:55 local time [1] . Fortunately, this event was not so damaging for the churches and despite the fact that it occurred Sunday the Christian services were already completed by that time. The damaging aftershock occurred on the Monday of 3 rd February 2015, local time 05:09. The fact that at this time the churches were empty companied with the warning of the preceded main event are factors that helped to have no loss of life from the structural damage and partial collapse that was observed in certain churches as well as to a number of other structures and facilities ( [1, 2, 3] ). During the Frankish and Venetian periods in Kefalonia many churches of this typology were rebuilt in Kefalonia. Indicatively, around the late 18th century there were 350-400 churches in this beautiful island of the Ionian sea with the very active geological seismic background. Numerous churches in this island have the structural form the single aisle basilica (Ionian) with an elongated rectangular shape. The value of the ratio of their longitudinal length over the transverse length varies from 1: 1.5 for relatively small churches to 1: 5 for the largest structures. This relatively simple structural system for these churches is formed by load-bearing stone-masonry peripheral walls that are connected with well built corners as well as by the presence of a soft system of trusses that form the lightweight roof. Table 1 lists a number of churches that were affected by this earthquake sequence together with the century of their construction as well as the century of their damage repair due to a previous earthquake activity [3] . The island of Kefalonia belongs to a high seismic hazard region, as this is depicted by the map of seismic zones of Greece in figure 6 . This seismic zonation is included in the current seismic code of Greece [26] ; it can be seen in this figure that the island of Kefalonia belongs to the seismic zone having seismic design ground acceleration value equal to 0.36g (g the acceleration of gravity equal to 9.81m/sec. However, it must be pointed out that this is a relatively recent regulation that does not apply to the construction methods of the 17 th century. Figure 6 . The location of the six most damaged urban areas of Greece form the earthquake activity during the last thirty years together with the seismic zoning map (see also Tables 1 and 5 ).
Damage to Christian churches from earthquake activity in Greece is quite frequent [6 to 21] . This must be attributed to the intense earthquake activity and the accumulation of damage as well as to the fact that such structures made of weak masonry are quite vulnerable as their heavy walls and heavy elements in their superstructure results in large amplitude earthquake demands that cannot be met by the resistance offered by relatively weak stone masonry structural elements [6] . This is also the case in the damaged churches of Kefalonia that will be investigated in the following sections. It should be underlined here that neither the long history of intense seismic activity in the island nor the attempted damage repair from previous earthquake activity (see table 1) were able to create effective interventions that would protect these structures from future seismic
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Agia Marina Soullaroi events. As can be seen in table 1 most of the repair efforts are dated on the 18th century. The objective of this paper is to present currently available scientific tools that can help understand the earthquake behaviour of this type of structures and therefore serve the objective of their protection in a possible more effective way than the experience of the current earthquake damage indicates. As indicated in table, the 20 th century repair effort refers to interventions introduced to these churches after the damaging 1953 earthquake sequence. In general, typical interventions in these churches included the construction of a reinforced concrete beam at the top of the masonry wall to connect the wooden roof at this level. However, as the full details of these interventions were not available their effectiveness in the observed performance is so far non-conclusive.
This investigation presents the evaluation of two Christian Basilica churches that are indicated with relatively large letters in Table 1 . The first is the church of Virgin Mary of Roggoi (No 5 in Table 1 ) and the second is church of St. Marina in Soullaroi (No 12 in Table 1 and figure 4 ). Both these churches are structure that did not experienced any interventions after the 1953 earthquake sequence. The first church of Virgin Mary of Roggoi has dimensions in plan 7.5m by 15.8m and a height of 9.3m (No 5 in Table 1 ) and the second church of St. Marina in Soullaroi has dimensions in plan 9.5m by 22.3m and a height of 9.6m, a somewhat larger structure. The investigation being conducted here includes the effects of foundation deformability [21] . It has been demonstrated in the past [17, 19, 22, 23] as well as in two companion works that are presented in this conference [22, 23] , that the foundation deformability is a significant parameter in the effort to understanding the earthquake behaviour of these structures. The location of these two churches in the Paliki peninsula is shown in figure 7 together with the location of the accelerographs that recorded the seismic ground motion during the strongest aftershock of 3 rd of February, 2015. Use of this recorded ground motion will be made in the framework of the current investigation. 
SOIL -FOUNDATION DEFORMABILITY
The foundation of both churches is considered to be formed by a peripheral masonry strip that is an extension of the masonry walls in the sub-soil at a depth of 0.5 m. In-situ studies that were performed with the Agios Gerasimos bell tower have demonstrated that certain in-fluences can arise on the dynamic and earthquake response from soil-foundation deformability [22, 23] that should be investigated. In order to study numerically the soil-foundation deformability of these two churches the following process was utilized.
First, a numerical model of the structure and the masonry foundation strip was formed as shown in figure 8 . Together with the foundation masonry strip, which was modeled with shell elements having linear elastic properties based on the Young's modulus of masonry, the soil layers underneath were also modeled being in full contact with the masonry foundation. These soil layers were formed with solid "brick" type finite elements with linear elastic properties that extended to a depth of 4m below the foundation -soil interface.
Because it was not possible to find reliable geotechnical data in the vicinity of the studied structures the investigation of the soil-foundation deformability was attempted in a parametric way as will be explained below in order to define the elastic properties of the soil elements. 1 st case. A shear wave velocity equal to 419m/sec was assumed for these underlying soil layers. This value, together with a soil density equal to 20KN/m3 leads to a shear modulus equal to 354MPa. This value together with a Poisson's ratio value equal to 0.2 leads to a Young's modulus value for the soil equal to 1000MPa. This represents a rather hard soil. 2 nd case. Following the same rational but this time assuming a shear wave velocity value equal to 200m/sec leads for the same value of soil density as in the 1 st case to a the Young's modulus value for the soil equal to 230MPa. This represents a medium stiffness soil and is comparable with the corresponding value found from the Agios Gerasimos in-situ measurements [22] . Next, this numerical simulation that included the superstructure, the foundation masonry strip and the soil layers, as described before, was subjected to the dead weight. The bottom surface of the bottom layer of the soil volume was constrained to have zero displacements in all three directions. The side boundaries of the soil volume were constrained only in the two horizontal directions. In this way the foundation was displaced almost uniformly downwards in the vertical direction being compressed in this way. Figures 9 and 10 In order to simplify the final numerical model of the examined churches including the soilfoundation deformability the following approximation was made. An alternative numerical model of the foundation masonry strip -soil interface was formed. This model retained all the aspects of the superstructure and the foundation masonry strip. However, this time the soil layers being simulated before with solid brick elements were replaced with two-node 3-D link elements having one node fully restrained in the all three directions as the support to the earth and the other node in full contact with each node of the shell elements which simulate the bottom surface of foundation masonry strip. Moreover, these two-node links were given such an axial stiffness that when the same load was applied as before (Dead load) the resulting vertical deflection of the bottom surface of the foundation -soil interface was as close as possible to the values indicated before in figures 8 and 10. Moreover, for certain types of numerical analyses a non-linearity was introduced in the axial direction of these two-node link elements resulting in their inability to sustain any tension. Following this rational the axial stiffness of these two-node link elements, utilized for case 1 and 2 of soil-foundation deformability, is listed in the following table 2. 
THE LINEAR DYNAMIC RESPONSE OF THE CHURCHES
The eigen-modes and eigen-periods of the two temples are investigated next in a parametric way, assuming linear elastic behaviour of all the elements of the superstructure as well as the foundation links [21] . The following parameters are varied:
a1) The church of the Panagia (Virgin Mary) of Roggoi. It is one of the oldest -along with Ag. Marina in Soullaroi-Christian churches that developed severe damage during the recent earthquake. It is a relatively small church with heavy structural damage in the façade (West side) and wide shear cracks in the longitudinal North ( figure 12 ) and South walls. In all these linear elastic simulations of the dynamic response the soil-foundation deformability was approximated in the way described in section 2. That is a 1 st case is examined having vertical two-node links at the soil-foundation slab interface with axial stiffness equal to 109KN/mm, representing relatively hard soil conditions. Then, a 2 nd case is examined having vertical two-node links at the soil-foundation slab interface with axial stiffness equal to 24.5KN/mm, representing a soil of medium deformability. Moreover, in all cases the vertical walls were connected at the corners with two-node 3-D links in an effort to control the rigidity of these connections as well as to approximate the structural behaviour when the examined structures exhibited heavy damage in these locations. Agia Marina in Soullaroi -Soil-Foundation deformability 2 nd eigen-period T2 The following remarks can be made on the basis of the results presented in these figures.
1) The first dominant eigen-mode for both churches and for both cases of foundation-soil flexibility is the translational mode in the North-South direction (y-y). The eigen-period for this mode varies from approximately 0.18sec (hard soil) to 0.20sec. (medium soil) for both churches. This eigen-mode mobilizes in all cases approximately 75% to 80% of the total mass.
2) The second dominant mode in the case of hard soil conditions is a torsional mode. The eigen-period for this mode is approximately 0.11sec for both churches. However, this mode mobilizes very little mass.
3) The third dominant mode in the case of hard soil is the translational mode in the EastWest direction (x-x). The eigen-period for this mode is approximately 0.10sec. for both churches. This eigen-mode mobilizes for both churches approximately 70% of the total mass.
4) The second dominant mode in the case of medium soil conditions is the translational mode in the East-West direction (x-x). The eigen-period for this mode is approximately 0.12sec. for both churches. This eigen-mode mobilizes for both churches approximately 60% of the total mass. In the case of medium soil the third dominant mode is a torsional mode. The eigen-period for this mode is approximately 0.11sec for both churches. However, this mode mobilizes again very little mass.
From the above remarks it can be concluded that the assumed variation of the soilfoundation deformability results, as expected, in a modest increase in the fundamental eigenperiod values. Moreover, the increased soil-foundation deformability results in the two translational North-South (x-x) and East-West (y-y) eigen modes becoming the dominant eigenmodes of the structural response for these churches mobilizing 75% and 60% of the total mass, respectively.
PREDICTIONS OF THE EARTHQUAKE RESPONSE FOR THE POST-BYZANTINE CHRISTIAN CHURCHES
Next, numerical simulations of the earthquake response of these two churches are presented. The numerical analyses that were performed towards obtaining earthquake response predictions of such Christian Basilica churches fall in the following two main categories.
Static numerical analyses with linear mechanisms for the two-node links at the foundation-soil interface as well as at the corner of masonry wall interconnections.
In these dynamic numerical analysis use will be made of the ground acceleration that was recorded at two stations during the 3 rd of February strongest aftershock [1, 3] . As can be seen in figure 7 , the location of one station is the center of the town of Lixouri (City Hall building) whereas the location of the 2 nd station in the old school of the village of Chavriata. As could be observed in figure 7 the church of Agia Marina at Sullaroi is at a distance of approximately 2km from either the Lixouri or the Chavriata station located between these two locations. The church of Panagia of Roggoi is at a distance of approximately 5km North from Chavriata and North-West from Lixouri. In order to obtain an estimate of the horizontal seismic forces that these two churches were subjected to during the damaging aftershock of 3 rd of February 2015 the constant ductility (µ=1.5) response spectra in the East-West and North-South direction were derived from those recordings of the ground motion. The ductility factor value µ=1.5 is presumed to be a good approximation for these type of relatively brittle unreinforced masonry construction. In the same figures the design spectral acceleration curves are also plotted for type 1 and type 2 earthquake, as these design spectral values are defined by EuroCode part 8 [24] assuming again a response modification factor value q=1.5 Soil category D (flexible soil) importance factor 1 and design peak ground acceleration equal to 0.36g (g the acceleration of gravity) as defined by the current Greek seismic code for Kefalonia [25] . In comparison, the "Old Greek Seismic Code" level of seismic forces that were introduced in 1959 are also indicated in this figure as "Old Greek Seismic Code" [5 ] . Moreover, the values of the eigen-periods found from the dynamic analyses of these two churches, as they were presented in figures 1) For the period range from 0.1sec. to 0.4sec the Chavriata spectral acceleration curve would result in more demanding seismic forces for the corresponding structures, like the studied churches, than the Lixouri spectral acceleration curve for both the NorthSouth and the East-West directions. 2) Structural systems that would be more flexible than the ones examined here, either because of more flexible soil-foundation conditions than the medium soil of this study or for more flexible structures themselves than the structures considered here, they would have been subjected to larger horizontal seismic forces than the ones to be considered for the studied here churches. This remark is valid for the Chavriata record for both the North-South and East-West direction and for the East-West direction for the Lixouri record.
3) The Chavriata spectral acceleration curves (for µ=1.5 either E-W or N-S) for the period range from 0.1sec. to 0.4sec would result in more demanding seismic forces for the corresponding structures, like the churches studied here, than the EuroCode 8 design spectral curves for q=1.5. 4) The Lixouri spectral acceleration curve (for µ=1.5 either N-S or E-W) for the period range from 0.1sec. to 0.4sec would result in less demanding seismic forces for the corresponding structures, like the churches studied here, than the Type 1 EuroCode 8 design spectral curves for q=1.5. The difference is not very significant for the type 2 EuroCode 8 design spectral curves for q=1.5. The 5) Seismic force levels for the period range from 0.1sec. to 0.4sec according to the old Greek seismic code are approximately 3 to 4 times smaller than the corresponding levels obtained on the basis of the Lixouri spectral curves (for µ=1.5 either E-W or N-S) or the type 2 EuroCode 8 design spectral curves for q=1.5. 6) Seismic force levels for the period range from 0.1sec. to 0.4sec according to the old Greek seismic code are approximately 5 to 6 times smaller than the corresponding levels obtained on the basis of the Chavriata spectral curves (for µ=1.5 either E-W or N-S) or the type 2 EuroCode 8 design spectral curves for q=1.5. 7) All the previous points underline the severity of seismic forces levels the examined churches had to withstand. One favourable parameter for the structural performance was the short duration of this intense shaking. However, the preceding discussion on the severity of the seismic forces ignored the unfavourable effect of the vertical component of the ground motion, which is usually present in localities close to the epicen-ter like the ones examined here. This unfavourable influence of the vertical component of the ground motion is ignored throughout this study.
The seismic forces that are used in this type of numerical analyses are obtained in the following way. a) First, employing either the Lixouri or the Chavriata spectral curves for µ=1.5 and the linear elastic numerical simulation of the examined structural system the base shear values in the North-South or the East-West direction are obtained. This is done through a dynamic spectral analysis utilizing the first four (4) eigen-modes and the relevant North-South or East-West spectral curves, respectively. Alternatively, a response spectrum can be used resulting from the elastic response spectral curve for 5% damping divided by a response modification factor equal to 1.5 for unreinforced masonry. In the subsequent analysis the later process was adopted. b) An amplification factor is also utilized to compensate for the fact that these first four (4) eigen-modes, which correspond to realistic structural responses for this type of structures, do not sum up to 90% of the total mass of the structure. c) The horizontal seismic forces are finally applied either in the x-x East-West longitudinal direction (Ex) or the y-y North-South transverse direction (Ey) as static forces resulting from constant acceleration along the height of the examined structures as shown in figure 21 . This constant acceleration has such a value that results in the same base shear value found from the dynamic spectral analysis of steps a and b described before. These equivalent seismic forces Ex or Ey are combined with the permanent loads (D) to form the load combinations 0.9D ± Ex or 0.9D ± Ey. d) This is done because it is much easier to obtain in this way the demands of the various masonry structural elements from the seismic forces described in step c. Thus, the evaluation of the seismic performance of these structural elements can be done. Table 3 lists the base shear values, as they resulted from the linear elastic dynamic spectral analyses utilizing the East-West or North-South acceleration response spectral curves for 5% damping and q=1.5 derived from the recorded ground acceleration (figures 17 to 20). As explained above, these values coincide with the equivalent seismic forces Ex or Ey.
Push-over numerical analyses with non-linear mechanisms for the two-node links
at the foundation-soil interface and the link elements which connect the vertical walls in the corners and the top face of the wall with the roof.
In the 2 nd category of numerical seismic analyses the non-linear behaviour of the examined structures is considered by introducing the following non-linear mechanisms. a1) First, the two-node 3-D links at the soil-foundation interface introduced to account for the soil-foundation deformability are provided with tension a cut-off limit so they can sustain only compression in their axial direction and no tension. b1) Similarly, two-node 3-D non-linear link elements are also utilized in connecting the vertical walls at their corners with a tension cut-off limit in a way to transfer compression between the intersecting walls at the corner but limit transfer of tension. c1) A similar connection is used between the wooden elements of the roof and the tympana of the masonry walls at the East and West sides or at the top of the North or South longitudinal masonry walls.
Thus, through the proper use of these non-linear 3-D two-node link elements these nonlinear mechanisms are introduced in an effort to simulate numerically the capability of the uplifting of the structure at the soil-foundation interface, the possibility of detachment between the wooden elements of the roof and the masonry walls or between the vertical walls themselves at the corners.
These numerical analyses were a push-over step-by-step type of analyses [6] with the first step being the application of the permanent vertical loads (D). Next, the horizontal seismic loads are introduced at each shell element (each mass) as a gravity load at direction either in the North-South (y-y) or East-West (x-x) directions. This is done gradually by increasing the level of the applied seismic forces by a small amount at each subsequent step. The seismic horizontal displacement attained at each step is checked certainly at the top point of East wall for the East-West (x-x) push-over analyses or at the top of the middle of the North wall for the push-over analyses direction in the North-South (y-y) direction. Table 4 lists the assumed mechanical characteristics for the stone masonry elements of both churches [5] . Moreover, a Mohr-Coulomb failure envelope was adopted for the in-plane shear limit state of the stone masonry, when a on normal stress is acting simultaneously, that is defined through the relationship (1) ( [6] , [21] , [26] ).
ASSUMED FAILURE CRITERIA USED IN THE VALUATION OF THE OBSERVED PERFORMANCE
where: fvko is the shear strength of the stone masonry when the normal stress is zero; fvko was assumed to be equal to 0.160 N/mm2. σ n is the compressive axial stress acting on the bed joint . Table 4 lists the assumed mechanical characteristics for the stone masonry in terms of Young's modulus and Poisson's ratio as well as compressive and tensile strength values. The values listed in table 4 were assumed to be valid for both churches based on relevant strength values employed in similar studies [6 to 21] . However, the necessity to quantify such limit value through tests based on in-situ samples must once more be underlined. The above strength values will be used to evaluate the seismic performance of the various masonry structural elements in the most critical locations that the demands, obtained through the numerical analyses results, have maximum values. This will be done in comparing the various demands S Ed with the corresponding strengths S Rd through the following inequality (2): S Ed < S Rd indicates safe structural performance.
The above inequality can also have the form of a S Rd / S Ed in inequality (3).
S Rd / S Ed > 1 indicates safe structural performance.
This inequality in ratio terms is further detailed through the following ratios. For the inplane or the out of plane demands the following demands are checked (inequalities 4 to 6):
a2) The in-plane shear demand in terms of shear stress for various bed-joint locations where shear and normal stresses are acting. This is done through the value of the following ratio R τ R τ = shear strength / shear stress demand. < 1 signifies shear failure (in-plane) (4) b2) The in-plane compression stress demand for various bed-joint locations where compressive stresses are acting normal to bed-joints. This is done through the value of the following ratio Rς. Rς = compressive strength / compressive stress demand < 1 signifies compression failure
c2) The in-plane tensile stress demand for various bed-joint locations where tensile stresses are acting normal to bed-joints. This is done through the value of the following ratio Rσ. Rσ = tensile strength (fxk1) / tensile stress demand < 1 signifies tensile failure normal to bed joint (in-plane) (6) d2) The out-of-plane tensile stress demand for various bed-joint locations where tensile stresses are acting normal to bed-joints. This is done through the value of the following ratio R M R M = tensile strength / tensile stress demand from out-of-plane flexure < 1 signifies out-ofplane tensile failure normal to bed joint at the extreme fiber (out of plane)
All the masonry parts of the studied structures were examined in terms of in-plane and outof-plane stress demands posed by the considered load combinations against the corresponding capacities, as these capacities were obtained by applying the Mohr-Coulomb criterion of equation 1 or the stone masonry compressive and tensile strength limits listed in Table 4 . Ratio values smaller than one (Rτ, Rς, Rσ, R M <1) predict a corresponding limit state condition. As can be seen, the followed methodology is based on combining numerical stress demands resulting from elastic analyses with limit-state strength values. A different approach is to incorporate these limit-state strength values in a non-linear push-over type of analysis (see Manos et al. [1] ). It was shown that the methodology applied here correlates quite well with the non-linear approach in predicting regions of structural damage. 
THE RESULTS OF THE NUMERICAL ANALYSES
Next, selected results from the numerical simulations of the earthquake response of these two churches are presented. The numerical analyses results obtained following the linear static approach, described in sub-section 4.1, are presented first in sub-section 6.1. This is done by showing the predicted performance of the various masonry elements utilizing the obtained demands with the corresponding strength values through the process outlined in section 5. Selected results obtained through the push-over type of numerical analyses, described in subsection 4.2, are next presented in a summary form in sub-section 6.2. Figures 28a and 28b depict R M ratio values for out-of-plane predicted performance of the South side of the Agia Marina church for either hard or medium soil, respectively. As can be seen in these figures the demands exceed by far the corresponding strengths in tension (outof-plane) at the upper part of this masonry wall between the door and window openings. Again, the presence of medium soil signifies that these ratio values become in general even smaller. Thus, it is demonstrated that the presence of medium soil conditions increases the possibility of damage in this case. Good agreement can be seen again by comparing the predicted (figures 28) with the observed (figure 29) performance for this wall.
Static numerical analyses

RESULTS FROM THE PUSH-OVER NUMERICAL ANALYSES
Next, selected results from the push-over numerical simulations of the earthquake response of this type of churches are presented.
The uplifting of the foundation.
Figures 30a and 30b depict the push-over displacement response as predicted from the numerical simulations that included the 1 st non-linear mechanism, that of the ability of the foundation to uplift from the foundation-soil interface, when the loads combinations 0.9D + Ex or 0.9D + Ey, with the seismic forces Ex (East-West) or Ey (North-South), are applied in a pushover way. The obtained base shear -horizontal displacement response from these push-over numerical analyses are depicted in figures 31a (0.9D + Ex) and 31b (0.9D + Ey) for the East-West and North-South directions, respectively.
As can be seen in figures 31a and 31b the uplifting of the foundation limits the base shear levels in the East-West direction to approximately 12000KN and in the North-South direction approximately 9000KN. If the above values are compared with the corresponding values, listed in Table 3 , which were obtained from the dynamic spectral analyses that employed the recorded ground motion response spectra (Chavriata record), it can be concluded that for these force levels the uplifting of the foundation is unlikely.
The detachment of the walls at the corners.
Figures 32a and 32b depict the push-over displacement response as predicted from the numerical simulations that included the 2 nd non-linear mechanism, that of the ability of the walls to be detached at the corners where these vertical walls are interconnected. This is simulated when the load combinations 0.9D + Ex or 0.9D + Ey, with the seismic forces Ex (East-West) or Ey (North-South) are applied in a push-over way. The obtained base shear -horizontal displacement response from these push-over numerical analyses are depicted in figures 33a (0.9D + Ex) and 33b (0.9D + Ey) for the East-West and North-South directions, respectively. As can be seen in figures 32a and 33a the detachment of the East wall from the North wall, when the seismic forces act in the East-West direction, limits the base shear levels in the East-West direction to approximately 4000KN. Similarly, the detachment of the North wall from the West wall (figures 32b and 33b), when the seismic forces act in the North-South direction, limits the base shear at the level of approximately 3500KN. If the above values are compared with the corresponding values, listed in Table 3 , which were obtained from the dynamic spectral analyses that employed the recorded ground motion response spectra (Chavriata record), it can be concluded that for these force levels the detachment of these walls at the corners is very likely.
7.3
The detachment of the walls at the corners as well as at the roof level.
Figures 34a and 34b depict the push-over displacement response as predicted from the numerical simulations that included the 2 nd and the 3 rd non-linear mechanisms; that is the ability of the walls to be detached at the corners where these vertical walls are interconnected as well as at the roof level. This is simulated when the load combinations 0.9D + Ex or 0.9D + Ey, with the seismic forces Ex (East-West) or Ey (North-South) are applied in a push-over way. 
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The obtained base shear -horizontal displacement response from these push-over numerical analyses are depicted in figures 35a (0.9D + Ex) and 35b (0.9D + Ey) for the East-West and North-South directions, respectively. As can be seen in figures 33a and 33b the detachment of the West wall limits the base shear levels in the East-West direction to approximately 6000KN and in the North-South direction approximately 5000KN. If the above values are compared with the corresponding values, listed in Table 3 , which were obtained from the dynamic spectral analyses that employed the recorded ground motion response spectra (Chavriata record), it can be concluded that for these force levels the detachment of these walls at the corners is very likely. These are in agreement with the observed performance (see figures 13 and 14).
CONCLUSIONS
• Through the systematic study of the characteristics of the ground motion records and the dynamic properties of the structural systems, representing the examined Christian churches damaged in Kefalonia by the 3 rd of February 2015 strongest aftershock, the levels of the seismic forces land their severity that these churches had to withstand was established. One favourable parameter for the structural performance was the short duration of this intense shaking. However, this study ignored the unfavourable effect of the vertical component of the ground motion, which is usually present in localities close to the epicenter like the ones examined here.
• The predicted performance of the examined Christian churches, employing demands from a linear analysis that utilizes these horizontal seismic force levels and assumed strength values for stone masonry, yield good agreement with the observed performance.
• The predicted performance is approximated through a detailed process that makes use of strength / demand ratio values (Rτ, Rς, Rσ, R M ) in order to approximate the ability of the masonry structural elements to withstand or not the posed demands in in-plane shear, in-plane compression/tension and out-of-plane tension.
• The push-over non-linear numerical analyses that were next performed including the ability of foundation uplift and the ability of the walls to be detached from their interconnections at the corners or at their connection with the roof seems to yield realistic estimates of the observed performance.
